Abstract Synchronized movements (schooling) emit complex and overlapping sound and pressure curves that might confuse the inner ear and lateral line organ (LLO) of a predator. Moreover, prey-fish moving close to each other may blur the electro-sensory perception of predators. The aim of this review is to explore mechanisms associated with synchronous swimming that may have contributed to increased adaptation and as a consequence may have influenced the evolution of schooling. The evolutionary development of the inner ear and the LLO increased the capacity to detect potential prey, possibly leading to an increased potential for cannibalism in the shoal, but also helped small fish to avoid joining larger fish, resulting in size homogeneity and, accordingly, an increased capacity for moving in synchrony. Water-movements and incidental sound produced as by-product of locomotion (ISOL) may provide fish with potentially useful information during swimming, such as neighbour body-size, speed, and location. When many fish move close to one another ISOL will be energetic and complex. Quiet intervals will be few. Fish moving in synchrony will have the capacity to discontinue movements simultaneously, providing relatively quiet intervals to allow the reception of potentially critical environmental signals. Besides, synchronized movements may facilitate auditory grouping of ISOL. Turning preference bias, well-functioning sense organs, good health, and skillful motor performance might be important to achieving an appropriate distance to school neighbors and aid the individual fish in reducing time spent in the comparatively less safe school periphery. Turning preferences in ancestral fish shoals might have helped fish to maintain groups and stay in formation, reinforcing aforementioned predator confusion mechanisms, which possibly played a role in the lateralization of the vertebrate brain [Current Zoology 58 (1): 116-128, 2012].
Introduction
The majority of known fish species form cohesive social groups at some stage of their life history. The term 'shoal' is most often defined as a loosely organized group of fish, while 'school' refers to coordinated swimming groups (Pitcher, 2001) . No clear views currently exist on the evolution of schooling behaviour (Pavlov and Kasumyan, 2000) . Mating, foraging, and reduction of energy expenditure have been discussed as possible advantages achieved by schooling (Domenici et al., 2007; Partridge and Pitcher, 1979; Pavlov and Kasumyan, 2000; Svendsen et al., 2003) . However, fish tend to school in risky situations (Pavlov and Kasumyan, 2000) , and many established ideas include predator defense, such as safety in numbers (Krause et al., 2000a; Pavlov and Kasumyan, 2000) , reduction of encounters with predators (Turesson and Bronmark, 2007) , and increased predator surveillance (Pavlov and Kasumyan, 2000; Pitcher, 1998) . Schooling has also been proposed to give confusing visual signals to predators (Pavlov and Kasumyan, 2000) , including visual mimicry of a large fish (Breder, 1959; Springer, 1957) . Fish shoaling with individuals different from themselves are more easily spotted and large shoals are considered to be safer (Krause and Ruxton, 2002) .
In an earlier review (Larsson, 2009 ), I discussed evidence that schooling might confuse the lateral line organ (LLO) and electrosensory system (ESS) of predators. Fin movements of a single fish will act as a point-shaped wave source, emitting a gradient by which predators might localize it (Fig. 1a) . Since fields of many fish will overlap (Fig. 1b) , schooling should obscure this gradient, perhaps mimicking pressure waves of a larger animal, and more likely confuse the lateral line perception that is essential in the final stages of a predator attack (New et al., 2001) .
Fig. 1 Hydrodynamic signals (ISOL) produced by fish during locomotion
A. Solitary fish produces relatively uncomplicated hydrodynamic signals. The black dot in the centre is a dipole emitting sound and water-movements. Such hydrodynamic noise may be similar to ISOL produced by a moving prey-fish. ISOL from a solitary fish will be uncomplicated and help a predator fish (lower part in the figure) to detect the prey with its lateral line or inner ear. Vibrations, swimming animals, vocalizations, and other mechanical disturbances will generate a steep pressure gradient close to the source, giving rise to a net flow of water. This water flow will eclipse particle compressions and rarefactions, so that, near the source, water movements will be more powerful than the propagated pressure wave (e.g. the distance from the sound source to the fish or the schematic lateral line in the figure). These pressure changes surrounding a hydrodynamic source are perceived by the lateral line system as well as by the inner ear. The lateral line, with many densely grouped sampling points, requires a steep spatial gradient for stimulation, but, as a consequence, it will be able to resolve that gradient in spatial detail. The auditory system may respond to a similar pressure gradient by integrating the differences in pressure along contralateral sides of its body, but the inertial sensors of the inner ear will be unable to resolve spatial details of the stimulus field (Braun and Coombs, 2000) [Braun and Coombs (2000) suggested the threshold distance of the Lake Michigan mottled sculpin, Cottus Bairdi, to be similar for the lateral line and inner ear, ca. 1-1.5 body length]. Isopressure contours were modeled after dipole flow equations (Kalmijn, 1988) . The figure is reproduced from (Braun and Coombs, 2000) with kind permission from Philos. Trans. R. Soc. Lond. B. Biol. Sci., Royal Society Publishing. B. Hydrodynamic signals (ISOL) produced by nearby fishes will overlap. When moving fish or in this case dipoles (white, black and grey dots) are closely spaced, the hydrodynamic signals they produce will overlap. Increasing the number and reducing the distance between hydrodynamic sources will create more overlapping signals. The figure is reproduced from (Larsson, 2009 ) with kind permission from Fish and Fisheries, Wiley-Blackwell. Electro-receptive animals may localize a field source by using spatial non-uniformities (Freitas et al., 2006; Sawtell et al., 2005) (Fig. 2a) . In order to produce separate signals, individual prey must be about five body widths apart. If objects are too close together to be distinguished, they will form a blurred image (Babineau et al., 2007) . Hence, schooling may have the potential to confuse the ESS of predators (Fig. 2b) .
Here I hypothesize that the development of schooling behavior was associated with an increased quality of perception, predatory lifestyle and size sorting mechanisms to avoid cannibalism. Incidental sounds and water movements produced as a byproduct of locomotion (ISOL), sensory reafference, ISOL as signal mechanisms, biological oscillators, the shape of the shoal, and turning biases at the population level are also discussed.
The Octavolateralis System in Fish
The lateral line organ (LLO) and the inner ear have several overlapping functions. Since the ultrastructure, development, and phylogeny of their receptors (hair cells) are similar, these organs are commonly grouped together as the octavolateralis system (OLS) (Braun and Coombs, 2000; Popper and Fay, 1993) , and many principles concerning perception and masking will apply to both (Larsson, 2009) .
The LLO is a superficial sensory system in fish and other aquatic vertebrates consisting of receptors (neuromasts) which are sensitive to water displacement. In adult fish, two forms of neuromasts are usually present: those within the lateral line canal and the superficial, or free, neuromasts in the epithelium of the head, trunk, and caudal fin. The neuromasts contain axonless mechanosensory hair cells similar to those found in the inner ear, each with a kinocilium and a polarized bundle of linked microvilli that are progressively shorter with increased distance from the kinocilium (Baker et al., 2008) . The LLO is sensitive to nearby water movements, low frequency vibrations, liquid currents, and movements of a travelling sound source (Cernuda-Cernuda and Garcia-Fernandez, 1996) .
From Filter Feeding to Active Predation
In filter feeding ancestors, before vision and the OLS had developed, the risk of predation would have been limited and mainly due to invertebrate predators (Budd, 2001; Parker, 2004) , hence, at that time, safety in numbers was probably not a major incentive for gathering together in shoals or schools. However, grouping could have been beneficial for other reasons, such as foraging and mating (Komdeur et al., 2008) . In early ancestors, lacking vision or the OLS, chemoreception could have been sufficient to recognize conspecifics (Hara, 1993) . Northcutt and Gans (1983) proposed that many of the unique characteristics of vertebrates derive from the neural crest, cranial placodes, and a muscularized hypomere, and that these evolved in the vertebrate A solitary fish may be easy to detect and localize. B. Individual fish in a school may be difficult to sense, since the "electrical landscape" will be more complicated. Individual prey (yellow) must be about five body widths apart to produce separate signals, otherwise they will form a blurred image (Babineau et al., 2007). ancestor in association with a shift from filter feeding to active predation. Thus the extraordinary diversity of neural crest and placode derivatives could be seen as adaptations to a predatory lifestyle (Baker et al., 2008; Northcutt and Gans, 1983) . It is likely that the inner ear and the LLO evolved from a primitive system of epidermal ciliated sensory receptor cells, most likely mechanoreceptors (Baker et al., 2008; Streit, 2001) . This was probably long before vertebrate ancestors developed vision (Parker, 2004) . Whatever the evolutionary background, the development of the OLS, and vision, would have permitted detection of potential prey. This could have led to an increased potential for cannibalism within the shoal (Fig. 3, 4) . On the other hand, increased quality of perception would also give small individuals a chance to escape or to never join a shoal with larger fish. It has been shown that small fish avoid joining a group with larger fish, although big fish do not avoid joining small conspecifics (Lachlan et al., 1998) . This sorting mechanism based on increased quality of perception could have resulted in homogeneity of size of fish in shoals, which would increase the capacity for moving in synchrony (Fig. 5 ).
Fig. 3 Arbitrary (hagfish-like) filter feeding vertebrates with no or little developed OLS and vision
The risk of being eaten by a bigger fish in such a group of early filter feeders was probably small.
Fig. 4 The risk of being eaten may contribute to similarity in size
The development of the OLS probably was important in the initiation of a predatory life style (Baker et al., 2008; Northcutt and Gans, 1983) . That may have increased the risk of being eaten by a larger fish in the shoal. The OLS would also have helped small fish to detect and avoid bigger fish.
Sensory Reafference in A School
Water movements and sound generated by a fish's locomotion (SOL) or vocalization might interfere with its perception of pressure waves and other stimuli originating in the surrounding environment. The neuronal control mechanisms to reduce this interference is referred to as sensory reafference (von Holst and Mittelstaedt, 1950) and has been systematically investigated in individual fish (Roberts and Russell, 1970; Russell, 1968; Tricas and Highstein, 1991) . Since the LLO senses water displacement (Dijkgraaf, 1962) , it seems likely that the fishes own movements could hinder its ability to detect signals from e.g. prey or predators. In terms of swim behavior, fish can be placed on a gradient, in one end ambush predators (stationary all the time), on the other end fish that are in constant motion, and in between fish that show "saltatory" search, i.e. fish will pause and scan for prey before moving a short distance and pausing again etc (Bassett et al., 2007) . This has been suggested as a strategy to eliminate self generated noise, i.e., ISOL, in lateral line predators (Bassett et al., 2007; Coombs and Conley, 1997; Hoekstra and Janssen, 1985) . It seems likely that schooling fish ceasing movements simultaneously and remaining immobile for a while may achieve similar perceptual advantages (i.e., reduced ISOL).
When many fish move close to one another, water movements will contain much more energy than that produced by a single fish, and pressure waves might be complex. Quiet intervals will be few. I recently suggested that synchronized movements in a group reduce noise that has the potential to mask auditory signals (Larsson, 2009 ). Fish moving in synchrony will have the capacity to discontinue movements simultaneously. Concurrent pausing may provide relatively quiet intervals to allow the reception of potentially critical environmental signals. Fish under predator threat that form non-moving "look around shoals" (Radakov, 1973) may be an example. In addition, fish possess efferent neurons that inhibit lateral line perception of noise produced by the fish's own movements (Montgomery and Bodznick, 1994; Roberts and Russell, 1972) . Such inhibitive mechanisms may also reduce interference by group-produced noise.
5 Synchronized Movements and Auditory Grouping I also suggested that synchronized movements may influence hearing through facilitating auditory grouping of own-produced noise (Larsson, 2009 ). Many fish swim intermittently using a two-phase periodic behavior of alternating accelerations (burst phase) with glides (coast phase) (Videler and Weihs, 1982) . Longer coast times were observed for trailing fish (Fish et al., 1991) . It seems unlikely, or at least uncommon that swimming movements of schooling fish are produced in phase. Moreover, coast and burst cycles are usually short. In Golden shiners Notemigonus crysoleucas the cycle is approx. 0.5 seconds (Fish et al., 1991) , which will result in only brief pausing (some milliseconds) before movements continue. Even if swimming movements should be in phase now and then that would be unlikely to provide significant attenuation of noise. However, the ability to locate sound sources is an important function of the auditory system. Auditory scene analysis is defined as the capability of animals to separate and group concurrent sounds from numerous sources, thus reconstructing the auditory scene (Bregman, 1990) . Brains of humans and other vertebrates strive to group sounds that have a common origin (Bregman, 1990) . At any given time the environment typically contains several active sound sources, and various strategies are used to organize them into distinct auditory events (Ciocca, 2008) . In humans, common onset, the harmonic relations between frequency components, continuity of pitch, timbre, and overall sound level are important cues for grouping of sounds (Bregman, 1990; Darwin, 2008) . Fish of similar size, moving concurrently, or nearly so, will produce similar and nearly concurrent ISOL, which may facilitate auditory grouping. In other words, group-noise caused by locomotion in a highly synchronized group may be perceived as a single source, facilitating its discrimination from other sound-sources.
In summary, individuals with a capacity to move synchronously with neighbors may gain perceptual advantages that could lead to timely awareness of predators or prey.
6 Join, Leave, or Stay?
When shoals of fish meet, the major factors determining whether individuals will join are body length and species. The mechanisms behind such decisions are not known, but seem to take effect within a few seconds (Krause et al., 2000a) , and an active shoal choice has been shown (Krause et al., 2000b) . Fish of similar shape and size will emit similar pressure waves (and water movements), and vice versa for fish differing in size and body-shape. The ability to discriminate among sounds on the basis of frequency is present in teleost fishes, and temporal patterns of sound contribute important acoustic information (Popper and Fay, 1993) . Moreover, it was suggested that water movements produced by a swimming goldfish Carassius auratus (Hanke et al., 2000) and three other fish species with differing swimming style (Hanke and Bleckmann, 2004) show a clear vortex structure that lasts in the order of minutes (or at least 30 s). The water disturbance was hypothetically sufficient to be sensed by a piscivorous predator at a distance where vision or hearing frequently fail. Moreover, Hancke and Bleckman (2004) suggested it is likely that a predator can extract information beyond the plain presence of a wake and learn to interpret such flow structures to a certain degree. If so, it seems likely that OLS perception may provide information about con-specifics especially when they are swimming close. Thus, I suggest that ISOL and water disturbance from fish encountered may provide information that is useful in making join, leave, or stay decisions.
Do Schooling Fish Use ISOL for
Communicative Signals?
Vision has been considered to be of paramount importance and the sensory basis of schooling (Pavlov and Kasumyan, 2000; Pitcher, 1998) , but evidence is strong that the LLO is also involved (Pitcher, 1998) . The development of schooling in teleost larvae is closely connected to the development of the LLO (Blaxter, 1987) . Water movements and sounds produced by locomotion may provide useful signals in group locomotion. Gray and Denton (1991) suggested that the merits of communication through vision, as opposed to sound, diminish as the speed of movement increases. They showed that when herring Clupea harengus and whiting Merlangius merlangus make rapid swimming movements, such movements are preceded by sound signals. Gray and Denton, (1991) also suggested that there are many means by which a fish might assess the distance to another fish from the sound that it makes, including changes in amplitude with distance and the phases of pressure and pressure gradients in the near-field. Pitcher et al. (1976) showed that the LLO has an important role in fish schooling. Fish with a temporarily disabled LLO school in a different manner, making less accurate distance adjustments (Partridge and Pitcher, 1980) . Firehead tetras, Hemigrammus bleheri, totally deprived of the lateral line system were unable to maintain a shoal (Faucher et al., 2010) . Thus it seems likely that the OLS may be used to transfer information about position in space, such as direction, distance, and (relative) speed of neighbours in a school.
Appropriate distance
Maintaining an appropriate distance from school-mates while avoiding collision, i.e., to be a skillful follower, might increase chances of survival.
Teleost fish have acute hearing and usually determine the nature of action to take on the basis of very brief signals (Gray and Denton, 1991) . The almost instantaneous adjustments to swimming direction and speed that characterize schooling are made possible by detection, via the OLS, of local water pressure changes resulting from the movements of adjacent fish (Gray and Denton, 1991) . The sounds produced by fish bodies of similar size and phenotype, moving at the same speed, will be similar in frequency and amplitude, while fish differing in size will produce dissimilar and less predictable sounds.
Information embedded in ISOL will travel in all directions; hence it might be used in mutual adaptation among neighbours (Fig. 6) . Knowledge of the precise location of nearby members is crucial to schooling fish. The distance to a neighbour may be assessed from a stereotypic sound with a stable sound level (ISOL, breathing, or vocal call) produced by the neighbour, since the relative amplitude will be influenced by distance. Moreover, when a complex sound travels through water its timbre changes, as higher frequencies are damped more than lower frequencies. Coleman (1962) showed that humans can use change in timbre effectively to estimate distance when a familiar sound is heard.
The school as a group of biological oscillators
Little is known of how the rapid transmission of information is accomplished in a fish school. Fish locomotion often displays a rhythmic alternating character, e.g. coast and burst swimming. Thus a school of fish might be depicted as a group of oscillators. A large system of biological oscillators, such as singing crickets, may spontaneously lock to a common frequency despite differences in the natural frequencies of individual oscillators (Strogatz, 2003) . In biological oscillators, the ability to send and receive signals is crucial. Swimming fish will fulfil this criterion.
The Kuramoto model is a mathematical model used to describe synchronization. The model makes several assumptions: That there is weak coupling between the oscillators, oscillators are identical or nearly identical, and, when coupling is sufficiently strong, a fully synchronized solution is possible. In that situation, all the oscillators share a common frequency, although their phases are different (Strogatz, 2003) . The lines between fishes represent ISOL. The form and shape is arbitrary. However, fish of similar size will emit similar ISOL. The amplitude is influenced by distance and moreover the timbre change, due to more dampening of high frequency sounds relative low frequency sounds. ISOL might in theory help fish to estimate the distance to their nearest neighbor. This may be used in mutual adaptation. Coast and burst swimming as well as pectoral fin movements often have an oscillating character. Thus swimming fish may produce oscillatory hydrodynamic signals.
Fig. 7 Parasite infected fish are likely to be found in the school periphery
The grey fish is a predator attacking the school. Individuals with different size and body-form, and parasite infected fish are more likely to be found in the school periphery and regularly will be eaten first.
Fig. 8 Gregarious fish species show lateralization for turning biases at the population level
The grey fish is a predator attacking the school. Individuals with different turning bias or another body size or form than the majority may be more likely to be separated. When a fish is separated from the school it is easier to capture for predators, possibly due to less complicated ISOL emitted from a solitary fish, and moreover, confusion of the electro-sensory system of predators is likely to diminish when a fish is separated from the school.
Sounds produced by nearby fish will have greater amplitude; thus decisions of an individual fish ought to be primarily influenced by movements of close neighbors. However, sound waves can be transmitted through the bodies of surrounding fish, providing information about the movements of more distant fish in the school and facilitating the rapid transmission of information to reach a consensus, e.g. to move away from a predator. Thus sound cues might be a complement to visual information to aid in staying in formation while avoiding collisions. ISOL signals could aid schooling fish in achieving synchrony of frequency in coast and burst movements (Fig. 6 ).
The Shape of the School
The position in the shoal might influence the survival of its members. It has been shown that the leading fish of a shoal is attacked significantly more frequently than fish in other shoal positions (Krause et al., 1998) , but, on the other hand, this position might provide a better food supply. Starving fish will be more likely to take a front position but also tend to leave this position when their nutritional state is improved (Krause, 1994) . Central positions in the schools might be more protected (Pitcher, 2001 ). In addition, confusion of the OLS and electrosensory system of a predator might be less effective in the periphery. Hence, a fish that more often occupies a central position might gain an increased chance of survival. In an observation of thirty successful attacks on shoals by predators, the captured individuals swam in the center of the shoal in only three cases (Krause et al., 1998) .
Schooling behavior alters significantly in the presence of a predator. Under an immediate hazard, schools become denser and take on a spherical shape, called a "defensive" or "look around" school. Fish also display agitation and increase movement speed (Breder, 1959; Pavlov and Kasumyan, 2000) . Non-moving schools will have a tendency to be spherical, look-around schools (Radakov, 1973) . These might become very compact and densely populated under predator-threat. It has been reported that, when frightened by a piscivorous bird, a school of approximately 500 sand eels, Ammodytidae of a size around 14 cm, could form a sphere of 50 cm diameter (Grover and Olla, 1983 ). An increased facility for watching for predators has been proposed (Cushing and Harden-Jones, 1968; Pavlov and Kasumyan, 2000) . (As aforementioned, ceasing of movements may reduce masking of the inner ear and the LLO, which may increase the vigilance further). Pavlov and Kasumyan (2000) suggested that the average density within a large school is higher in the central area than in the periphery, and might differ by a factor of ten or more. Well-functioning sense organs and skillful motor performance may be important to avoid occupying the periphery. To hypothesize, fish with reduced ability to anticipate moves of the school or with reduced sensory or motor function would be more likely to be found in the periphery or to lose contact with the school. Position-related differences in parasitism rates among group members are well documented, with per capita rate of parasitism being lower in the center of groups than at the periphery (Krause, 1994) . Further, fish infected with parasites take up unusual positions and exhibit significantly greater nearest neighbor distances than uninfected shoal members (Barber and Huntingford, 1996) (Fig. 7) . Following a simulated avian attack, infected fish don't reduce nearest neighbor distance as much as uninfected fish (Barber et al., 1995) . Solitary individuals found outside shoals are more likely to be parasitized (Barber et al., 1995) . In theory, parasite infection may affect schooling in several ways. The LLO function may be impaired by infection due to erosion or swelling of the lateral line (Roberts, 2001) or due to abdominal swelling (Barber and Folstad, 2000) . The parasitic nematode Anguillicola crassus (Kuwahara et al., 1974) may infect the swimbladder of the European eel Anguilla anguilla (L.) resulting in a thickening of the swimbladder wall, bladder size reduction and changes in the bladder´s gas composition (Haenen et al., 1989; Wurtz et al., 1996) . Such swim-bladder dysfunction appears to be associated with reduced swimming performance (Sjöberg et al., 2009) . Swim bladder size may also influence hearing abilities (Lechner and Ladich, 2008) .
An individual fish's tolerance to hypoxia may also influence the capacity to maintain a more central position in the school. Oxygen level of water within a school can diminish along its axis of movement as a consequence of oxygen consumption by fish at the front, causing hypoxic conditions in fish in the central and rear positions (Domenici et al., 2007) . A consequence might be that unhealthy fish with higher oxygen demands and/or a reduced capacity to take up oxygen will be more likely to occupy the periphery of the shoal.
In summary, healthy and skillful navigators will avoid the school periphery during a somewhat higher proportion of schooling time. In the long run, intraspecific competition for favorable positions in the school may benefit the species by contributing to evolu-tionary adaptation and further refinement of sensory systems involved in the mediation of schooling, eventually resulting in more sophisticated and synchronized schooling behavior and better defense mechanisms against predators.
Schooling and Lateralization
Some predatory fish such as barracuda Sphyraena, and swordfish Xiphias gladius are in general successful when attacking a school. They typically do not pursue a specific individual, but try to evoke maximum chaos in the school, some use their armored rostrum, destroying the school's internal structure and unity (Pavlov and Kasumyan, 2000) . Thereafter they begin attacks on particular individuals. Those leaving the school, even for a very short time, are the first to be eaten (Pavlov and Kasumyan, 2000) . A relatively low degree of complexity in pressure curves and sounds produced by solitary fish (Fig. 1 ) may be part of that.
Gregarious fish species have been found to show lateralization for turning biases at the population level, while most species that did not shoal have been found to be lateralized at the individual level (Bisazza et al., 2000; Vallortigara, 2006) (Fig. 8) . Lateralization of the brain, i.e. where each hemisphere carries out unique functions, is omnipresent among vertebrates (Andrew and Rogers, 2002; Vallortigara, 2006) . Individual-level asymmetries in the brain may result in advantages, such as specialization of functions in each hemisphere and increased efficiency. For example in the teleost, the goldbelly topminnow, Girardinus falcatus fish selected for a high grade of lateralization were twice as fast as non-lateralized (NL) fish to catch prey during concurrent predator threat (Dadda and Bisazza, 2006) . However, lateralization, such as preferences in the use of a limb, visual hemifield, or direction when turning, often also occur at the population level, with most individuals showing similar direction of bias. For instance there is evidence that most toads, chickens, and fish react more rapidly when a predator approaches from the left (Vallortigara, 2006) . Such population-level lateralization may permit predators to take advantage of regularities and predictability of prey behavior. If a group of individuals shows a turning bias when they are under a predator threat, it may be disadvantageous, since this makes individual behaviors more predictable for predators (Vallortigara, 2006) . In addition, Dadda et al. (2009) suggested that individuals with a marked cerebral lateralization may pay a higher cost in terms of reduced efficiency in tasks relying on hemispheric communication and cooperation. When trained to use the middle door in a row of nine NL topminnows correctly chose the central door in most cases, and NL fish also chose the appropriate (high quality) shoal more often than strongly lateralized fish, whose performance was affected by eye preference for social stimuli. Dadda et al. (2009) suggested that costs and benefits from lateralization of the brain are likely to vary with ecological conditions such as predation risk, social density, food abundance and structure of habitat. In the experiment of Dadda et al. (2009) the information in regards of the shoal to join was purely visual. In natural life it seems possible that other information e.g. from the OLS may influence shoal choice. Vallortigara (2006) suggested that selective pressure to sustain directional asymmetry despite the potential disadvantage must be high. Turning biases will probably reduce the risk of a shoal splitting or separating (Vallortigara, 2006) . Vallortigara (2006) proposed that individuals with the same turning preference as the majority would benefit, since following the shoal would increase the chance that another individual would be the predator target. Confusion of predator's OLS and ESS is an alternative, or complimentary, possibility.
Conclusions
The evolutionary development of the OLS also resulted in a capable prey detection system exploiting ISOL-signals, i.e. water movements and sounds produced as a by-product of locomotion. This may have influenced the evolution of synchronized movements in groups. The development of OLS resulted in increased potential for cannibalism in the shoal, and at the same time, perceptual skills that helped small fish avoid joining larger fish, most likely resulting in increased size homogeneity, which was fundamental to the ability of groups to move in synchrony. Synchronization of group movements increases the ability of individuals to swim in proximity to their neighbors. When swimming in close formation, electric signals and ISOL-signals produced by nearby prey-fish will overlap. A likely result is confusion of the OLS and ESS of predators. Concurrent pausing in swimming may reduce masking noise caused by the groups' movements and in addition, synchronization of movements may improve auditory grouping of ISOL.
Moreover, the OLS seems to be important for fish groups' ability to synchronize movements (e.g. Faucher et al., 2010; Partridge and Pitcher, 1980; Pitcher et al., 1976) . Precise mechanisms are not known, but it is likely that the OLS may be used to transfer information about direction, distance, and speed of neighbours in a school. This may help fish to swim close to one another and in so doing cause predator confusion.
Turning preferences, acute sense organs, skillful motor performance, good health and tolerance to hypoxia might influence the ability to swim close to neighbors. That, possibly in combination with competition for favorable positions in the school, may contribute to evolutionary adaptation and further refinement of sensory systems involved in the mediation of schooling resulting in more sophisticated and synchronized schooling behavior.
Theoretical models are persuasive, however the hypothesis that schooling may result in confusion of predator's OLS and ESS has hitherto not been investigated empirically. I suggest that further study may be fruitful and provide new insights in schooling fish behavior, ISOL as signal mechanisms, ecology, and interactions between prey and predators.
